The potential health effects of exposure to nanomaterials (NMs) is currently heavily studied. Among the most often reported impact is DNA damage, also termed genotoxicity. While several reviews relate the DNA damage induced by NMs and the techniques that can be used to prove such effects, the question of impact of NMs on DNA repair processes has never been specifically reviewed. The present review article proposes to fill this gap of knowledge, by critically describing the DNA repair processes that could be affected by NP exposure, then by reporting the current state of the art on effects of NPs on DNA repair, at the level of protein function, gene induction, and posttranscriptional modifications, and taking into account the advantages and limitations of the different experimental approaches. Since little is known about this impact, working hypothesis for the future are then proposed.
Introduction
With the extensive development of new nanomaterials (NMs) during the last decades, the determination of their potential health effects has become of the upmost importance. Thus, nanotoxicology has recently emerged and emphasis has been placed on understanding the consequences of NM exposure for human health and the environment.
With the central role that the DNA molecule plays in the maintenance of genetic information, the possible formation of DNA lesions by NMs, i.e. genotoxicity, has also been raised. Therefore, several experimental approaches have been used to study either the presence of DNA lesions in cells exposed to nanoparticles (NPs) and/or the consequences of those formed lesions. Since DNA repair processes are responsible for circumventing DNA damage; it thus also appears to be very important to evaluate the effects of NP exposure on these processes. Indeed, several repair mechanisms are effective in cells and continuously manage the diverse types of damage that are produced by a plethora of physical (ionizing radiation for example), chemical (chemotherapeutic compounds such as cis-platin) or biochemical (reactive oxygen species (ROS) released by the mitochondria, methyl glyoxal, etc.) genotoxic agents. These repair systems keep the level of DNA damage as low as possible, in order to minimize the probability to induce mutation, cell death, or to develop cancer.
Regarding the potential genotoxic effect of NMs, the involvement of oxidative stress is frequently reported. The particularity of oxidatively-generated DNA lesions is that they are continuously produced in cells by the so-called endogenous oxidative stress. They are also continuously repaired, in order to maintain their background level as low as possible. Elevation of this background level reveals the onset of oxidative stress, which results from imbalance between production of ROS and the cells' capability to detoxify them. Thus, it should be kept in mind that an alteration of the cell's defenses against ROS would give rise to oxidative stress as would do an increased production of ROS.
The same is true for oxidatively-generated DNA lesions: increased amounts of these lesions could either originate from increased oxidative stress, or from decreased DNA repair capacity, or from a combination of both. Therefore, any method that could provide information on the effect of stress towards DNA repair will provide valuable information on the genotoxic potential of a stress-inducing agent.
In the present review article, the objective was to summarize the recent data from the literature that have demonstrated how NP exposure influences DNA repair systems. First, evidence for NP-induced oxidative DNA lesions is reported. Then the different DNA repair pathways present in eukaryotic cells are shortly described, together with their main critical proteins. The possible impact that NPs may cause on these DNA repair systems are considered. Finally, based on the recent literature, the reported effects of NPs on DNA repair, at the level of protein function, gene induction, and posttranscriptional modifications are discussed, taking into account the advantages and limitations of the different experimental approaches. To conclude, possible orientations of future research in the field are discussed.
1. Nanoparticle-induced DNA damage and its management by cell repair systems
NPs generate oxidative DNA lesions
Two accepted paradigms for NP toxicology are their induction of oxidative stress and their proinflammatory potential. These phenomena are closely interconnected and may be the source of other cellular damage if not properly handled. The only hypotheses formulated so far to explain NPinduced oxidatively-generated DNA damage rely on the implication of ROS. ROS may form at the surface of NPs and be released in cells. Moreover, NPs may alter the cell's capacity to eliminate endogenous ROS. As a consequence, NPs have been shown to induce oxidative damage to DNA, both on DNA bases and the 2-deoxyribose moiety of the DNA backbone, thereby leading to the formation of oxidized DNA bases, single strand breaks (SSB) and abasic (AP) sites. The induction of doublestrand breaks (DSB) by NPs is possible as well, if DNA replicates in proximity to a non-repaired SSB or due to collapse of stalled replication forks. Oxidized DNA bases and single-strand breaks are efficiently and continuously repaired in healthy cells, provided that cell repair systems are not overwhelmed. If overwhelmed, then lesions will subsist in the genome, potentially leading to cell mortality or mutagenesis. On the other hand, DSBs, either directly generated or resulting from replication of SSBs, as well as blocking base lesions, are considered among the most dangerous forms of DNA damage, since they may lead to chromosomal aberrations if left unrepaired.
More than 80 different types of oxidatively-generated DNA base lesions have been identified. Their relative yield of formation greatly depends on the ROS involved. Due to its low redox potential, guanine (G) is a target of all DNA oxidative processes, with 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxo-dGuo) being its main degradation product (1). 8-oxo-dGuo is mutagenic because it can pair with adenine (A) or cytosine (C) with equal efficiency, thus leading to G:C to thymine (T):A transversion.
Induction of 8-oxo-dGuo in cells exposed to NPs has been largely documented (2, 3) , including recommendations on their proper quantification (3). To date the possibility that NPs might oxidize DNA via products of lipid peroxidation has never been explored. These reactive compounds, i.e. ketonic and aldehydic derivatives (malondialdehyde, acrolein, 4-hydroxy-2-nonenal (HNE) or its epoxidized derivatives) (1), may play a role, particularly in the context of glutathione (GSH) depletion via NPs.
Since DNA is constantly susceptible to be attacked, as a result of environmental conditions or normal metabolism, all living cells have evolved a variety of DNA repair pathways, including nucleotide excision repair (NER), base excision repair (BER), non-homologous end-joining (NHEJ), homologous recombination (HR) and mismatch repair (MMR), which are the most studied and understood. Detailed reviews of the different DNA repair pathways have already been published; for this reason the objective is not to extensively describe them herein. Our aim is to focus on the main pathways that can be impacted by NPs, as demonstrated through the published literature.
DNA repair pathways
The oxidized DNA bases, such as 8-oxo-dGuo, which are relatively small and do not distort DNA helix, are mostly repaired via the BER pathway. The core reaction of BER is also involved in the repair of SSB and AP sites. BER consists in the recognition of the DNA lesion, followed by excision of the oxidized base by a glycosylase, either monofunctional (UNG, MPG, SMUG etc.) or bifunctional (OGG1, NEIL1, NTH1, etc.), which generates an AP site. Then the AP site is incised by APE1. Each glycosylase has a limited, specific set of substrates (4, 5) . For example, 8-oxo-dGuo is recognized by several glycosylases: OGG1, the most studied glycosylase in the context of NP toxicity, preferentially recognizes and processes 8-oxo-dGuo when paired with C, T and G. OGG2 recognizes 8-oxo-dGuo paired with G and A. In addition hMYH (MUTYH) specifically recognizes and excises the A opposite to 8-oxo-dGuo (6) . Depending on which glycosylase participates as well as the current state of the cell (i.e., phase of the cell cycle, ATP content) BER can proceed via a short-patch or a long-patch pathway, which both replace missing nucleotides thanks to polymerases and seal the DNA end thanks to ligases. If NPs interfere with the activity of some of these proteins, NP-generated DNA damage will not be appropriately repaired. Inactivation of glycosylases would leave lesions unrepaired. If the proteins operating downstream of glycosylases (e.g. APE1, polymerases, ligases etc.) are inactivated by NPs, then a SSB will remain at the initial site of the oxidized DNA base.
NER repairs a variety of DNA lesions via two sub-pathways: global genome NER (GG-NER) which repairs voluminous, helix-distorting lesions, on the entire genome and transcription-coupled NER (TC-NER) which specifically repairs transcription-blocking lesions (7) . Some radical-induced base modifications, therefore possibly those induced by NPs, are bulky enough to distort DNA and block replication. It is the case for instance of cyclopurines or adducts like those involving guanine and 4-HNE. In GG-NER, the damage is recognized by XPC, together with RAD23B and CETN2. Alternatively, if the damage does not cause large helix distortions, the lesions are marked by DDB1 and DDB2 and other auxiliary factors which facilitate lesion recognition by XPC. Binding of XPC to the lesion stimulates the binding of the transcription initiation IIH complex (TFIIH), composed of XPB and XPD and stimulated by XPA, which verifies the presence of lesions (8) . If a lesion is detected, it is excised by XPF-ERCC1 and XPG, coordinated with the binding of RPA, which stabilizes the opposite strand and XPA. Finally the gap is filled by polymerases (POL, POL POL, together with auxiliary proteins (PCNA, RFC) and ligated by ligases (LIG1 or the XRCC1-LIG3 complex). XPA is a central protein in NER:
acting as a stimulating factor for the TFIIH complex, binding to altered nucleotides in ssDNA and interacting with almost all the proteins of NER. Moreover, post-translational modifications, in particular ubiquitinations, are central processes that regulate NER initiation and progression (7).
Other post-translational modification of some DNA repair proteins are also essential for NER to efficiently process, particularly for preparing the chromatin so that DNA repair proteins can gain access to the damaged areas. PARP1 plays a central role in this preparation (9) . Both XPA and PARP1
are Zn-finger proteins (10, 11) and as discussed subsequently, their function may be altered by NPs or metal ions released from NPs upon degradation.
Mismatch repair (MMR) has been reported to recognize and repair 8-oxo-dGuo paired with A, if not recognized by BER. It also repairs 8-oxo-dGuo resulting from oxidation of G in the available nucleotide pool and that would be incorporated into DNA during replication. MMR thus plays a role in the elimination of mutations that may be induced by NPs via unrepaired, bypassed 8-oxo-dGuo. In humans, mispairs are recognized by MSH heterodimers to which the MLH1/PMS2 complex binds (12) . The exonuclease EXO1 is then recruited to the mispair and excises it, with translesional and/or replicative DNA polymerases that serve to fill-in the gap (12) .
When a DSB arises in a cell, a very early response is phosphorylation of the minor variant of H2A histone, H2AX, leading to the formation of so-called -H2AX. -H2AX serves as a platform for the recruitment of other DNA repair proteins, but also increases DNA accessibility, recruits cohesins that maintain the proximity between DNA strands during the repair process, and modulates the checkpoint response (13) . Depending on cell cycle phase, DSB are repaired either via HR or via NHEJ, thanks to the involvement of the p53 binding protein 1 (53BP1) (14) . NHEJ repairs DSB regardless of what phase of the cell cycle the cell is in. It involves the KU70/KU80 complex, DNA-PKcs, ARTEMIS, PNPK, and other cofactors that prepare DSB for their repair by polymerases (POLµ and POL. This repair mechanism introduces new DNA sequences and could thus be mutagenic. The strands are then ligated by the XRCC4-XLF-LIG4 complex (15) . If a second copy of DNA is available and can serve as a template for DNA repair, DSB are repaired with high fidelity via HR. HR is therefore limited to the S and G2 phases of the cell cycle. It is initiated by binding of a series of RPA proteins by the MRN complex (MRE11, RAD50 and NBS1) together with cofactors including BLM, CtIP, EXO1 and DNA2 (16) . RPA proteins are then displaced by RAD51, which finds a homologous sequence in the genome and creates a D-loop. Finally, the D-loop is resolved by synthesis-dependent strand annealing or by migrating the double Holliday junctions that are subsequently cleaved by resolvases.
Current knowledge on NP impact on DNA repair processes
We present here a literature survey focused specifically on the impact of NPs on DNA repair systems and activities. This survey is classified by considering the technique that was employed to probe an impact of NPs, which more or less directly reflects their effects.
Probing the impact of NPs by measuring the activity of DNA repair systems
The best probe for DNA repair impairment is the observation of reduced activity of DNA repair systems. Only a few studies report such result. First, direct impact of NPs on DNA repair processes has been reported by studying the repair kinetics of DNA lesions induced by NPs. Zijno et al.
demonstrated that ZnO-NPs induced chromosomal damage in Caco-2 cells, via the cytokinesisblocked micronucleus assay (17) . In this cell line both ZnO and TiO 2 -NPs induced DNA strand breaks and Fpg-sensitive sites in the comet assay. Both NPs also increased the basal level of 8-oxo-dGuo, as measured by HPLC/EC. When the cells were then allowed to recover in cell culture medium that did not contain NPs, these lesions disappeared, suggesting efficient DNA repair (17) . However, the lesions were more rapidly repaired in KBrO 3 -exposed cells, where KBrO 3 served as a positive control, compared to cells exposed to TiO 2 -NPs. Repair of 8-oxo-dGuo lesions was totally abolished in ZnOexposed cells, whereas repair was only slightly inhibited in cells exposed to TiO 2 -NPs (17). OGG1 content did not change in ZnO-NP-exposed cells and slightly increased in TiO 2 -NP-exposed cells, as compared to control cells (17) . The authors thus suggest that BER DNA repair blockade occurs after the damage recognition and excision by DNA glycosylases. It is also possible that OGG1 was still present, but in an inactive form because this enzyme is susceptible to oxidation. NPs would thus moderately affect, via oxidation, the activity of other DNA repair proteins from this pathway (17) .
The formation of micronuclei in ZnO-treated cells would be a consequence of the division of a cell containing unrepaired DNA lesions (18) . The same approach of DNA repair kinetics study was used by nm-diameter TiO 2 -NP, which caused a slight increase of DNA repair activity in cells exposed for 24 h, then the dramatic decrease of DNA repair activity was also observed with this NP after 48 h of exposure (24). Since TiO 2 -NPs also led to an increase of intracellular ROS formation in exposed cells, a hypothesis was that TiO 2 -NPs could oxidatively inactivate some DNA repair proteins (24). The same impact was recently observed in BEAS-2B cells, and a deeper interpretation allowed us to reconsider these results. Dramatic reduction of DNA repair activities were effectively observed; however, the relative importance of the different DNA repair pathways were different in TiO 2 -NP-exposed cells, as compared to control cells. The repair via NER was highly decreased, while repair via BER was less drastically affected (26). This is consistent with a preservation of BER activities that would be necessary for the repair of oxidatively-generated DNA damage that were observed in both A549 and
BEAS-2B cells (26).
In addition to these approaches that probe global DNA repair activities, some studies reported genes (out of 84 tested) in the liver of exposed animals. Most of these genes were downregulated, with BER being the most affected, compared to other DNA repair pathways (40). In vivo, exposure of rats by oral gavage to MWCNT or C60 fullerenes led to increased 8-oxo-dGuo contents in the liver and lung of treated animals, and increased expression of OGG1 in their liver (41). OGG1 activity appeared to be unchanged (41). The molecular mechanisms leading this DNA repair gene downregulation is currently unknown.
Epigenetic regulation of DNA repair proteins
Epigenetic regulation has been explored as a cause of transcriptional modulation of DNA repair activity by NPs. Two targets were studied, the first one being modulation of the translation of nm, mixed anatase/rutile TiO 2 -NPs. The rationale for performing this study was that if DNMT1 was involved in DNA repair gene promoter hypermethylation, then it might not specifically impact PARP-1, and other promoters might be hypermethylated as well. We showed that 4 h exposure to these NPs increased the methylation of APE1 and POLD3 promoter, while 24 h of exposure increased the methylation of APE1, MRE11 and PMS2 (26). Hypermethylation was thus a more global mode of action of TiO 2 -NPs; still, it could not explain the global repression of DNA repair gene expression that we observed (26).
Working hypotheses
NPs have been shown to accumulate in almost all cell types, mainly via endocytosis (47) . Direct diffusion through the plasma membrane has also been hypothesized, although it is certainly a less 
Impact of metal ions released from NPs on DNA repair protein functions
NPs from main group 1 may dissolve and release toxic metal ions; for instance in the case of Ag-NPs, has also been shown to be inactivated by metal complexes made of platinum, ruthenium and gold (60) and would thus probably be inactivated by metal ions released from NPs. As stated previously, it is also inactivated in cells treated with Cu ions (61) and CuO-NPs and microparticles (MPs) (29).
Active NPs and their impact on DNA repair proteins
Among poorly soluble NPs, those from group 4 as defined by Arts et al. (49) are active. This is due to their surface properties, as they may activate or inversely inactivate biological molecules and reactions. For instance, CeO 2 and TiO 2 belong to this main group. The Ce atoms at the surface of CeO 2 -NPs have been shown to be subject to surface oxidation-reduction, cycling between their +III and +IV oxidation states and consequently leading to redox modification of surrounding biomolecules. Therefore, CeO 2 particles have been shown to be potent biological antioxidants (20).
Conversely, TiO 2 -NPs are well known photocatalytic agents, as they become highly active following sunlight exposure and may cause the release of reactive species, i.e. ROS or reactive nitrogen species (RNS). Release of reactive species has also been reported when TiO 2 -NPs are manipulated in the dark,
i.e. their surface is intrinsically reactive, even if not exposed to light (62) . These redox properties might lead to the inactivation of DNA repair proteins, as previously shown for the OGG1 protein. This glycosylase is inactivated by reversible oxidation of critical residues (63) and was demonstrated to occur in cells exposed to Cd(II) (64) . This inactivation only relied on oxidation of hOGG1 and led to sequential relocalization of the protein to nuclear granules and then to cytoplasmic stress granules (64).
Sequestration of DNA repair proteins in the NP protein corona
For all groups of NPs described by Arts et al. (49) a common mechanism that may impair DNA repair protein function is their sequestration on the surface of NPs. Indeed, NPs are known for their high affinity for proteins, thereby forming the so-called protein corona, which confers to the NP its biological identity. The concept of protein corona emerged in the late 2000's (65) (66) (67) (68) and is now recognized as a major parameter governing bio-nano interactions and NP impact on living organisms (69) . This notion was then refined by the introduction of concepts of "soft" and "hard" protein corona. Indeed, the adsorption of molecules on the surface of NPs is a dynamic process. For example, depending on the composition of the surrounding medium, the adsorbed molecules desorb and are replaced by molecules with higher affinities. The hard corona is defined as the first layer of biomolecules that firmly adsorb on NP surface and may not be easily replaced by other ones. This is considered as a signature of the passage of NPs in a particular environment. On the other hand, the soft corona is composed of molecules that are adsorbed on the surface of the hard corona with rapid exchange rates. These proteins exchange as soon as the surrounding environment of the NP changes (68) .
DNA repair proteins may be captured in the corona and hence inactivated simply by sequestration, because they are no longer available for DNA repair. This sequestration is of particular concern for DNA repair proteins, which are poorly abundant in the cell and necessitate nuclear localization to be active. Moreover, due to their large specific surface area, NPs would store large amounts of these proteins on their surface, eventually leading to their deprivation. DNA repair proteins can also be inactivated because adsorption on NP surface would affect their conformation (Figure 4 ). To our knowledge conformational change of DNA repair proteins upon adsorption on NP surface has never been investigated, but it is well described for other types of proteins. For instance lactate dehydrogenase (LDH) is inactivated by SiO 2 , Au and CdSe NPs and this causes interference with the classical LDH method for cytotoxicity assessment (70) . Furthermore, transferrin is inactivated when adsorbed on superparamagnetic iron oxide NPs (SPIONs) because of conformational modification due to the physical contact (71) between the protein and NPs.
Although it is not completely understood at present, the physical interaction between NPs and proteins is driven by the physico-chemical characteristics of the NP, i.e. its size which defines its surface curvature (72) , its surface state and reactivity. The physico-chemical properties of the protein is a critical parameter as well. For instance, SiO 2 -NPs were shown to preferentially bind proteins with low aromatic residue contents, i.e. phenylalanine, tryptophan, tyrosine and histidine. They rather bind proteins with low structural rigidity and low amounts of - interactions (73) . Moreover, unfolded green fluorescent protein (GFP) was shown to have higher affinity for these SiO 2 -NPs than its folded form (74) . In addition, these SiO 2 -NPs also adsorb HSP60, the chaperonin that is responsible for GFP folding. As a consequence, SiO 2 -NPs both adsorb GFP and interfere with its proper folding, which are two mechanisms leading to its inactivation (74) . Another example is that of TiO 2 -NPs, which are known for their high affinity for phosphate groups. Due to this property, they have been used for decades for affinity purification of phosphoproteins in proteomics analyses (75) .
Consequently, TiO 2 -NPs would rather bind the phosphorylated forms of proteins, leading to interference with cellular processes involving phosphorylation-dephosphorylation reactions, such as kinase cascades. These cascades play central roles in intracellular signaling, especially in DNA repair processes (76) ; consequently this could be a mechanism of DNA repair impairment by TiO 2 -NPs.
Moreover, DNA is a poly-anion, carrying phosphate residues, for which TiO 2 -NPs might also have high affinity. These NPs, if they are able to reach the nucleoplasm, might therefore bind to DNA and avoid proper bonding between damaged sequences and DNA repair proteins.
Apart from this generic mechanism by which all NPs may affect DNA repair, due to particular properties some groups of NPs would specifically affect some stages of DNA repair processes.
Concluding remarks
The recent literature clearly indicates that the toxicity of NMs could have different origins. Regarding genotoxicity, the induction of oxidative damage to DNA due to an increase of oxidative stress is well (1) containing a metallic cofactor (orange star) that might adsorb on the surface of the NP (2) and thus get sequestered in an improper location. NPs might release metal ions ((3), blue star) that might induce oxidative stress (4), which in turn inactivates the DNA repair protein by oxidizing its active site. The released ion might may replace the metallic cofactor in the active site of the protein (5) leading to a conformational change and to the release of the cofactor (6) .
